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ABSTRACT
We examine the ultraviolet and optical colours of 906 cluster galaxies from the KASI-
Yonsei Deep Imaging Survey of Clusters (KYDISC). Galaxies have been divided into
two categories, morphologically-disturbed and undisturbed galaxies, based on the vi-
sual signatures related to recent mergers. We find that galaxies with signatures of
recent mergers show significantly bluer colours than undisturbed galaxies. Disturbed
galaxies populate more on the cluster outskirts, suggesting recent accretion into the
cluster environment, which implies that disturbed galaxies can be less influenced by
the environmental quenching process and remain blue. However, we still detect bluer
colours of disturbed galaxies in all locations (cluster core and outskirts) for the fixed
morphology, which is difficult to understand just considering the difference in time
since infall into a cluster. Moreover, blue disturbed galaxies show features seemingly
related to recent star formation. Therefore, we suspect that mergers make disturbed
galaxies keep their blue colour longer than undisturbed galaxies under the effect of
the environmental quenching through either merger-induced star formation or central
gas concentration which is less vulnerable for gas stripping.
Key words: galaxies: clusters: general – galaxies: interactions – galaxies: fundamental
parameters – galaxies: evolution
1 INTRODUCTION
The colour-magnitude relation mirrors stellar masses and
populations of galaxies, two key characteristics of galaxies,
and therefore is conventionally used to differentiate galaxy
types (e.g. Baldry et al. 2004; Wyder et al. 2007). Galaxies
have often been classified into three main groups based on
their location on the colour-magnitude diagram (CMD): the
red sequence which is dominated by early-type and/or pas-
sively evolving populations, the blue cloud where late-type
and/or actively star-forming galaxies mainly reside, and the
green-valley where we can find the mixing of morphology
? E-mail: sree.oh@anu.edu.au
and intermediate star-formation rate. In general, we expect
current star-forming and passively evolving populations in
the blue cloud and red sequence respectively (Renzini 2006).
Since the Galaxy Evolution Explorer (GALEX; Martin
et al. 2005) data became available, ultraviolet (UV) CMDs
have been utilised to identify the recent episode of star-
formation. The significant fraction of residual star formation
in early-type galaxies was first introduced in Yi et al. (2005),
and many studies after reported that 10–15% of bright early-
type galaxies show signatures of recent star formation based
on the UV CMD (e.g., Kaviraj et al. 2007; Jeong et al. 2007,
2009). Even in optical CMDs, blue early-type galaxies have
been reported, suggesting young stellar populations in early-
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type galaxies (Lee, Lee, & Hwang 2006; Schawinski et al.
2007, 2009; McIntosh et al. 2014).
Galaxy mergers are considered one of the primary
sources for blue early-type galaxies (George & Zingade
2015; Haines et al. 2015; George 2017). In the past decade,
many observational and theoretical studies have supported
merger-induced star formation (e.g. Sanders et al. 1988;
Lawrence et al. 1989; Mihos & Hernquist 1996; Duc et al.
1997; Wang et al. 2004; Cox et al. 2008; Di Matteo et al.
2008). Young stars generated by mergers would bring a blue
colour in galaxies, which suggests a migration on CMDs.
Recent studies using deep photometry revealed a con-
siderable fraction (∼20%) of cluster galaxies showing sig-
natures of post- and ongoing mergers (Sheen et al. 2012;
Oh et al. 2018). In addition, Sheen et al. (2016) found that
cluster galaxies with post-merger signatures which were vi-
sually identified from deep images show a higher fraction of
UV blue galaxies compared to normal galaxies that reside in
the optical red sequence. Therefore, galaxy interactions are
suspected of having a close relation to recent star formation
in galaxies, even in the cluster environment.
However, the investigations on the effect of mergers
based on CMDs were biased to early-type galaxies perhaps
because of difficulty in assessing merger-driven changes in
late-type galaxies which naturally show ongoing star forma-
tion. Studies on CMDs in the cluster environments have also
focused on the passive population and the possible mecha-
nisms causing a migration toward the red sequence because
the majority of cluster populations in the nearby universe
are passive early-type galaxies especially within the cluster
virial radius (e.g. Blakeslee et al. 2003; Lo´pez-Cruz et al.
2004; Mei et al. 2006, 2009).
We investigate the impact of galaxy interactions in op-
tical and UV colours based on the KASI-Yonsei Deep Imag-
ing Survey of Clusters (KYDISC; Oh et al. 2018) catalogue
which covers two times virial radius (R200) of clusters and
allows us to have a considerable number of late-type galaxies
in the cluster environment.
Throughout the paper, we adopt Planck 2015 results
with Ωm = 0.308, ΩΛ = 0.692, and H0 = 67.8 km/s/Mpc
(Ade et al. 2016).
2 DATA AND SAMPLE
We used a catalogue of 1409 galaxies from the KYDISC tar-
geting 14 clusters at 0.015 ∼< z ∼< 0.144. The KYDISC has
used the Inamori Magellan Areal Camera and Spectrograph
(IMACS) on the 6.5-meter Magellan Baade telescope and
the MegaCam on the 3.6-meter Canada-France-Hawaii Tele-
scope (CFHT) for deep photometry (µr′ ∼ 27 mag arcsec−2)
and provides a catalogue including u′, g′, and r′ magnitudes,
redshifts, morphology, bulge-to-total ratio (B/T), and local
density.
Near-ultraviolet (NUV; λeff = 2267A˚) flux was obtained
from the GALEX GR 6 plus 7 Data Release. We match the
cluster galaxies from the KYDISC to GALEX detections
within 4′′, the spatial resolution of GALEX, and have 1027
matches with NUV detections. We have excluded 87 galaxies
that are 3σ outliers in the relation of aperture size ratio be-
tween NUV and r′ bands to the NUV magnitude in order to
reduce mismatches and contaminations by nearby sources.
Figure 1. The NUV exposure time and magnitude for 1027 galax-
ies with NUV detections. Black-filled circles are 906 sample galax-
ies, and red-open circles show the 121 galaxies excluded from the
sample after considering aperture sizes and magnitude errors in
the NUV band. The impact of the conservative sampling (dashed
line; NUV < 23.5 and texp > 1500 seconds) on the main result is
not significant (Appendix).
Table 1. Summary of the classification
E S0 SE SL Total
Undisturbed 237 252 97 67 653
Disturbed 34 85 87 47 253
Total 271 337 184 114 906
Additional 34 galaxies with magnitude error in NUV greater
than 0.5 have been excluded. Finally, we have 906 cluster
galaxies having both optical and NUV data. We included
NUV detections from four separate GALEX surveys where
NUV exposure times are varying from 100 to 30,000 sec-
onds; however, 95% of the sample have an NUV exposure
time greater than 1500 seconds (Figure 1). We present the
result from the conservative sampling (NUV < 23.5 and
texp > 1500) in the Appendix. The optical and NUV magni-
tudes were corrected for the Galactic extinction using dust
maps from Schlafly & Finkbeiner (2011). We also carried out
k-correction following the method described in Chilingarian,
Melchior, & Zolotukhin (2010).
Following the Oh et al. (2018) classification on mor-
phology, the sample galaxies have been classified into four
groups: ellipticals (E), lenticulars (S0), early spirals (SE),
and late spirals (SL). The KYDISC catalogue also identified
galaxies with signatures of mergers, relying on visual dis-
turbances in deep images. The classification has been sum-
marised in Table 1. We adopted the classification and di-
vided galaxies into two groups: disturbed galaxies showing
signatures of post or ongoing mergers (PM and OM from
Oh et al. 2018) and undisturbed galaxies without any fea-
tures related to galaxy interactions (N from Oh et al. 2018).
Note that both Oh et al. (2018) and this study assume that
merger events that made the features in disturbed galaxies
have preceded the galaxy accretion into the cluster environ-
ment. We found comparable distributions in magnitude and
stellar mass between disturbed and undisturbed galaxies for
906 sample galaxies (Figure 2). We have used a B/T from the
KYDISC catalogue where galaxies have been decomposed
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Figure 2. The distributions of the absolute r′ magnitude (top)
and mass (bottom) for 906 sample galaxies. Disturbed and undis-
turbed groups show similar distributions in magnitude and mass.
into free Se´rsic (bulge) and exponential (disk) components
based on r′-band images using galfit software (Peng et al.
2002, 2010). For more information on the visual classifica-
tions and parameters used in this study, refer to Oh et al.
(2018).
Our sample based on the NUV detection is biased to-
ward galaxies with young stellar populations (Figure 3).
Oh et al. (2018) reported that merger-related galaxies (dis-
turbed galaxies in this study) have bluer NUV−r′ colours
than galaxies without merger signatures. As a result, our
sample displays a higher fraction of disturbed galaxies
(28±1%) than the KYDISC program (24±1%). We found a
little difference between disturbed and undisturbed galaxies
in the NUV completeness for the same colour-magnitude bin
which might affect our results mainly when comparing dis-
turbed and undisturbed galaxies. Throughout the paper, we
have accounted for the bias embedded in our sampling by ap-
plying number weights, the reciprocal of the NUV complete-
ness according to g′ − r′ and Mr′ . However, we do not find
qualitative differences in our results when number weights
are not applied.
3 THE OPTICAL COLOUR-MAGNITUDE
RELATION
We present the optical CMDs for each morphology and B/T
in Figures 4 and 5, respectively. A significant fraction of our
sample is early-type galaxies (608/906) that mainly pop-
ulate in the red sequence (RS). We also have 298 late-
type galaxies in our sample mostly showing blue g′ − r′
colour. Morphologically-disturbed galaxies (diamonds) dis-
play a similar range of magnitude with undisturbed galaxies
under the same morphology or B/T. However, they exhibit
bluer colour than undisturbed galaxies, especially in galax-
Figure 3. The NUV completeness for undisturbed (left) and dis-
turbed galaxies (right). The reciprocal of the NUV completeness
is used for the number weights throughout this study.
ies with early morphology (E and S0) or high B/T (B/T >
0.4).
The representative RS on the CMD has been defined
based on 271 visually-classified elliptical galaxies. The lin-
ear least-squares fit of the elliptical galaxies yields the RS of
g′ − r′ = −0.022Mr′ + 0.300. For quantitative comparison,
we divided galaxies into three groups based on their loca-
tion on the CMD: redder red sequence galaxies (RRS; galax-
ies redder than the RS), bluer red sequence galaxies (BRS;
galaxies bluer than the RS and redder than the sequence 2σ
below from the RS), and blue galaxies (BG; galaxies bluer
than the sequence 2σ below from the RS).
The statistics for each morphology suggest that
morphologically-disturbed galaxies have a bluer optical
colour than their counterparts in all morphologies (Table 2).
Undisturbed elliptical galaxies are equally distributed be-
tween RRS and BRS, whereas disturbed ones mainly belong
to BRS. Lenticular galaxies also show a similar result with
ellipticals: most undisturbed galaxies belong to RS groups,
while disturbed lenticulars are lying in BRS and BG regions
on the CMD. As a result, disturbed galaxies show a five-
times-higher fraction of BG (27±7%, 32/119) than undis-
turbed galaxies (5±2%, 24/489) in early-type galaxies (E
and S0). We also discovered differing colour distributions be-
tween disturbed and undisturbed galaxies in late-type galax-
ies (SE and SL). The colour distribution of disturbed SE
and SL seems to be mildly shifted to bluer colours com-
pared to that of undisturbed ones. We found a comparable
result based on B/T classification (Figure 5). Figure 6 shows
the g′− r′ colour distribution between disturbed and undis-
turbed galaxies for each morphology. The g′− r′ colour was
corrected to be the difference between the colour and the RS
for simplicity (g′ − r′−RSg′−r′). Morphologically-disturbed
galaxies indeed populate more on blue g′ − r′ colour com-
pared to their counterparts. For quantitative comparison, we
measured p-values from the Kolmogorov-Smirnov (KS) test
for the thousand sets of colour distributions where galaxy
colours have been randomly chosen within errors, and we
take the median value for the representative p-value. The
extremely low p-values support distinct colour colour distri-
butions in disturbed and undisturbed galaxies.
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Table 2. The fractions of optical colour groups
Morphologya Merger Nb RRSc BRSc BGc
E
Disturbed 34 (47) 0.29±0.13 (0.31±0.11) 0.59±0.14 (0.59±0.12) 0.12±0.09 (0.09±0.07)
Undisturbed 237 (395) 0.51±0.05 (0.54±0.04) 0.47±0.05 (0.44±0.04) 0.02±0.02 (0.02±0.01)
S0
Disturbed 85 (115) 0.19±0.07 (0.20±0.06) 0.48±0.09 (0.50±0.08) 0.33±0.08 (0.30±0.07)
Undisturbed 252 (445) 0.54±0.05 (0.58±0.04) 0.38±0.05 (0.36±0.04) 0.08±0.03 (0.06±0.02)
SE
Disturbed 87 (113) 0.05±0.04 (0.05±0.03) 0.25±0.08 (0.27±0.07) 0.70±0.08 (0.68±0.07)
Undisturbed 97 (145) 0.22±0.07 (0.27±0.06) 0.38±0.08 (0.39±0.07) 0.40±0.08 (0.34±0.06)
SL
Disturbed 47 (57) 0.00±0.00 (0.00±0.00) 0.02±0.03 (0.03±0.03) 0.98±0.03 (0.97±0.03)
Undisturbed 67 (89) 0.07±0.05 (0.12±0.06) 0.13±0.07 (0.15±0.06) 0.79±0.08 (0.73±0.08)
BT1
Disturbed 54 (73) 0.26±0.10 (0.28±0.09) 0.43±0.11 (0.44±0.10) 0.31±0.10 (0.28±0.09)
Undisturbed 261 (463) 0.53±0.05 (0.58±0.04) 0.41±0.05 (0.38±0.04) 0.06±0.02 (0.05±0.02)
BT2
Disturbed 65 (88) 0.09±0.06 (0.10±0.05) 0.52±0.10 (0.54±0.09) 0.38±0.10 (0.37±0.08)
Undisturbed 207 (335) 0.47±0.06 (0.50±0.04) 0.45±0.06 (0.43±0.04) 0.08±0.03 (0.07±0.02)
BT3
Disturbed 63 (82) 0.14±0.07 (0.15±0.06) 0.35±0.10 (0.37±0.09) 0.51±0.10 (0.48±0.09)
Undisturbed 103 (165) 0.39±0.08 (0.44±0.06) 0.39±0.08 (0.38±0.06) 0.22±0.07 (0.18±0.05)
BT3
Disturbed 71 (88) 0.01±0.02 (0.02±0.03) 0.07±0.05 (0.08±0.05) 0.92±0.05 (0.90±0.05)
Undisturbed 82 (110) 0.09±0.05 (0.11±0.05) 0.18±0.07 (0.22±0.06) 0.73±0.08 (0.67±0.07)
a B/T group: BT1 (B/T >0.7); BT2 (0.4<B/T<0.7); BT3 (0.2<B/T<0.4); BT4 (B/T<0.2).
b The number of galaxies for each group. Parentheses are the corrected ones for the NUV completeness (see Section 2).
c The fraction of optical colour group. Parentheses are the corrected ones for the NUV completeness (see Section 2).
Figure 4. The composite g′−r′ CMD for each morphology. Solid
and dashed lines indicate the RS and the sequence 2σ below the
RS based on elliptical galaxies (E), respectively. Morphologically-
disturbed galaxies which are denoted by diamonds show bluer
colour compared to undisturbed galaxies in the same morphology.
4 THE UV-OPTICAL COLOUR-MAGNITUDE
RELATION
As expected from the optical CMD, morphologically-
disturbed galaxies seem to have bluer NUV−r′ colour than
undisturbed galaxies (Figures 7 and 8). We applied a sim-
ilar strategy to the UV-optical CMDs. The CMD of ellip-
tical galaxies reveals the distinct red-sequence (RSNUV−r′)
of NUV−r′ = −0.104Mr′ + 3.214. Table 3 shows the frac-
tions of UV-optical colour groups for disturbed and undis-
Figure 5. The composite g′ − r′ CMD for each B/T subgroup.
Details are the same as Figure 4.
turbed galaxies: NUV redder RS galaxies (NRRS; galaxies
redder than the RSNUV−r′), NUV bluer RS galaxies (NBRS;
galaxies bluer than the RSNUV−r′ and redder than the se-
quence 2σ below from the RSNUV−r′), and NUV blue galax-
ies (NBG; galaxies bluer than the sequence 2σ below from
the RSNUV−r′). We found that 24±3% and 83±4% of early-
and late-type galaxies are categorised as the NBG group,
respectively. In addition, the NUV−r′ distribution of dis-
turbed galaxies is weighted toward blue NUV−r′ colour
compared to undisturbed ones in all morphologies (Fig-
ure 9).
The blue NUV−r′ colour of post-merger galaxies was
c© 2018 RAS, MNRAS 000, 1–??
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Figure 6. The g′ − r′ colour distribution corrected for the NUV
completeness. Dashed lines indicate median value of colour, sug-
gesting bluer colour distribution of disturbed galaxies (red) com-
pared to undisturbed ones (black). Error bars represent standard
error of the median. The median p-value from the thousand iter-
ations of the KS test considering g′ − r′ errors is shown in each
panel.
reported in Sheen et al. (2016). They found that 36% of
post-merger and 26% of normal galaxies present NUV−r′ <
5 based on 263 early-type galaxies in the optical RS. For
comparison, we examined statistics based only on 552 early-
type galaxies (E and S0) in the optical RS (RRS and BRS),
and found that 37±9% (32/87) of disturbed and 16±3%
(74/465) of undisturbed early types in RS show NUV−r′ <
5. We found comparable results following our NBG criterion
that 36±8% (31/87) of disturbed and 15±3% (68/465) of
undisturbed early types in RS are classified into the NBG
group. The NUV-r′ blue galaxies are detected more often in
merger-related galaxies in both Sheen et al. (2012) and this
study.
Our sample including optically blue galaxies (BG) in-
creases NBG fractions especially in disturbed galaxies. As
shown in Table 2, 27% of disturbed early-type galaxies lie
away from the RS showing blue g′ − r′ colour. Including
optically blue galaxies (BG), we discovered that 50±8%
(60/119) of disturbed and 17±3% (85/489) of undisturbed
early-type galaxies are classified into NBG. Late-type galax-
ies also show considerable differences in colour between dis-
Figure 7. The composite NUV−r′ CMD for each morphol-
ogy. Solid and dashed lines indicate the RS and the sequence
2σ below the RS based on elliptical galaxies (E), respectively.
Morphologically-disturbed galaxies which are denoted by dia-
monds show bluer colour compared to undisturbed galaxies in
the same morphology.
Figure 8. The composite NUV−r′ CMD for each B/T subgroup.
Details are same as Figure 7.
turbed and undisturbed populations (Table 3 and Figure 9).
The statistics based on B/T groups yield a comparable re-
sult to the one based on morphology groups (Table 3). These
results give us a hint that galaxies which experienced recent
mergers have younger stellar populations compared to their
counterparts.
Table 4 shows the difference in mean NUV−r′ colour
between disturbed and undisturbed galaxies in each cluster.
Disturbed galaxies are bluer than undisturbed galaxies by
0.56 - 1.38 in mean NUV−r′ colour except for Abell 3574
which has the lowest cluster mass (1.9× 1014M) from our
sample and has only two red sequence galaxies. Although
there is a variation in colour offsets – probably because of
small number statistics and the difference in population of
each cluster (i.e. early-type fractions) – we found bluer dis-
c© 2018 RAS, MNRAS 000, 1–??
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Table 3. The fractions of UV colour groups
Morphologya Merger Nb NRRSc NBRSc NBGc
E
Disturbed 34 (47) 0.29±0.13 (0.30±0.11) 0.24±0.12 (0.24±0.10) 0.47±0.14 (0.46±0.12)
Undisturbed 237 (395) 0.43±0.05 (0.44±0.04) 0.40±0.05 (0.39±0.04) 0.17±0.04 (0.17±0.03)
S0
Disturbed 85 (115) 0.24±0.08 (0.25±0.07) 0.25±0.08 (0.25±0.07) 0.52±0.09 (0.50±0.08)
Undisturbed 252 (445) 0.51±0.05 (0.53±0.04) 0.31±0.05 (0.31±0.04) 0.18±0.04 (0.16±0.03)
SE
Disturbed 87 (113) 0.02±0.03 (0.03±0.02) 0.08±0.05 (0.08±0.04) 0.90±0.05 (0.89±0.05)
Undisturbed 97 (145) 0.15±0.06 (0.18±0.05) 0.21±0.07 (0.24±0.06) 0.64±0.08 (0.59±0.07)
SL
Disturbed 47 (57) 0.00±0.00 (0.00±0.00) 0.02±0.03 (0.03±0.03) 0.98±0.03 (0.97±0.03)
Undisturbed 67 (89) 0.01±0.02 (0.01±0.02) 0.06±0.05 (0.10±0.05) 0.93±0.05 (0.89±0.05)
BT1
Disturbed 54 (73) 0.24±0.10 (0.26±0.08) 0.22±0.09 (0.24±0.08) 0.54±0.11 (0.51±0.10)
Undisturbed 261 (463) 0.44±0.05 (0.46±0.04) 0.38±0.05 (0.38±0.04) 0.18±0.04 (0.17±0.03)
BT2
Disturbed 65 (88) 0.14±0.07 (0.14±0.06) 0.23±0.09 (0.23±0.07) 0.63±0.10 (0.63±0.08)
Undisturbed 207 (335) 0.44±0.06 (0.46±0.04) 0.33±0.05 (0.33±0.04) 0.23±0.05 (0.21±0.04)
BT3
Disturbed 63 (82) 0.14±0.07 (0.16±0.07) 0.13±0.07 (0.13±0.06) 0.73±0.09 (0.71±0.08)
Undisturbed 103 (165) 0.35±0.08 (0.37±0.06) 0.26±0.07 (0.29±0.06) 0.39±0.08 (0.34±0.06)
BT4
Disturbed 71 (88) 0.01±0.02 (0.02±0.02) 0.03±0.03 (0.03±0.03) 0.96±0.04 (0.95±0.04)
Undisturbed 82 (110) 0.07±0.05 (0.09±0.05) 0.04±0.03 (0.05±0.03) 0.89±0.06 (0.86±0.05)
a B/T group: BT1 (B/T >0.7); BT2 (0.4<B/T<0.7); BT3 (0.2<B/T<0.4); BT4 (B/T<0.2).
b The number of galaxies for each group. Parentheses are the corrected ones for the NUV completeness (see Section 2).
c The fraction of NUV colour group. Parentheses are the corrected ones for the NUV completeness (see Section 2).
Table 4. The NUV − r′ colour offsets
Cluster NaU N
b
D ∆(NUV − r′)
c
Abell 116 29 (47) 9 (11) 1.21±0.28 (1.26±0.30)
Abell 646 30 (47) 11 (14) 0.82±0.19 (0.84±0.20)
Abell 655 68 (102) 36 (45) 0.88±0.04 (0.97±0.06)
Abell 667 32 (49) 16 (20) 1.29±0.10 (1.25±0.11)
Abell 690 44 (76) 22 (27) 1.30±0.13 (1.36±0.14)
Abell 1126 32 (57) 18 (22) 1.38±0.10 (1.45±0.13)
Abell 1139 35 (58) 11 (15) 1.26±0.11 (1.22±0.15)
Abell 1146 53 (89) 25 (32) 0.73±0.10 (0.73±0.10)
Abell 1278 18 (26) 9 (13) 1.24±0.19 (1.12±0.18)
Abell 2061 128 (209) 43 (55) 1.22±0.10 (1.25±0.10)
Abell 2249 120 (202) 36 (53) 0.56±0.11 (0.60±0.10)
Abell 2589 52 (95) 9 (13) 1.23±0.41 (1.11±0.34)
Abell 3574 8 (11) 4 (6) -0.19±0.40 (-0.04±0.32)
Abell 3659 4 (6) 4 (5) 1.36±0.34 (1.32±0.24)
Total 653 (1073) 253 (331) 1.09±0.04 (1.11±0.02)
a Number of undisturbed galaxies. Parentheses are the
corrected ones for the NUV completeness (see Section 2).
b Number of disturbed galaxies. Parentheses are the corrected
ones for the NUV completeness (see Section 2).
c Difference in mean (NUV − r′) colour of disturbed galaxies
to undisturbed one.
turbed galaxies in most of our sample clusters with various
cluster masses and populations.
5 PHASE-SPACE ANALYSIS
The optical and UV colour distributions clearly show that
merger-related galaxies have more blue (i.e. young) pop-
ulations than undisturbed galaxies. Before discussing the
impact of mergers, we need to examine the environmental
dependence of the galaxy populations. Galaxy clusters are
the sites where the quenching of star formation actively oc-
curs by their potential (ram-pressure stripping, e.g., Gunn &
Gott 1972; Smith et al. 2016). Numerical simulations predict
that the time that a galaxy spent in a cluster is a critical fac-
tor determining the amount of quenching of star formation
(Jung et al. 2018). Observations have also supported this by
presenting the increasing numbers of star-forming popula-
tions with clustercentric distance (Haines et al. 2015). In Oh
et al. (2018), we conclude that galaxies with merger-related
features (OM and PM subgroups in the paper) are found
more on the cluster outskirts and, therefore, recently fell
into the cluster environment. In these regards, the younger
populations found in disturbed galaxies may indicate that
they have been less influenced by the quenching process than
undisturbed galaxies.
Recently, Rhee et al. (2017) studied the location of
galaxies on the phase-space plane according to the time since
infall into a cluster based on the cosmological hydrodynamic
N-body simulations by Choi & Yi (2017). They divided clus-
ter galaxies into five subgroups according to the time since
infall in to a cluster (tinf): Interlopers, First Infallers (not
fallen yet), Recent Infallers (0 < tinf < 3.63 Gyrs), Inter-
mediate Infallers (3.63 < tinf < 6.45 Gyrs), and Ancient
Infallers (6.45 < tinf < 13.7 Gyrs). Then, they analysed
the number density of each subgroup in five regions on the
phase-space diagram. Figure 10 is a projected phase-space
diagram for our sample galaxies with five distinct regions
based on tinf , as illustrated in Figure 6 of Rhee et al. (2017).
Five regions (A-E) in Figure 10 have been modified consid-
ering the difference between Rvir (Rhee et al. 2017) and R200
(this study).
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Table 5. Information of Phase-Space regions
Region tinf
a
fbFR N
c
total P
d
disburbed [%] P
e
E+S0 [%] (NUV − r′ −RS)(E+S0)
f
(NUV − r′ −RS)(SE+SL)
g
A 0.44 0.86 232 (332) 36±5 (33±4) 50±5 (54±4) -0.66±0.09 (-0.60±0.06) -2.18±0.09 (-2.10±0.08)
B 3.98 0.46 74 (118) 27±8 (22±6) 73±8 (78±6) -0.23±0.10 (-0.18±0.07) -2.50±0.27 (-2.35±0.25)
C 3.49 0.51 214 (345) 22±5 (18±3) 70±5 (73±4) -0.21±0.06 (-0.16±0.04) -1.63±0.14 (-1.45±0.12)
D 3.09 0.47 158 (236) 28±6 (24±5) 63±6 (68±5) -0.35±0.08 (-0.29±0.06) -2.18±0.12 (-2.08±0.10)
E 5.82 0.21 185 (310) 21±5 (17±4) 86±4 (88±3) -0.13±0.05 (-0.10±0.01) -1.15±0.28 (-0.95±0.15)
a Mean time in Gyrs since infall into a cluster for each phase-space region (Rhee et al. 2017).
b Fraction of First and Recent Infallers (tinf < 3.63 Gyrs) for each phase-space region (Rhee et al. 2017).
c Number of galaxies within the phase-space region. Parentheses are the corrected ones for the NUV completeness (see Section 2).
d Percentage of disturbed galaxies in the phase-space region.
e Percentage of early-type (E+S0) galaxies in the phase-space region.
f Mean NUV−r′ colour of early-type (E+S0) galaxies corrected for the RS(NUV−r′) where (NUV − r′ −RSNUV−r′ )=0.
g Mean NUV−r′ colour of late-type (SE+SL) galaxies corrected for the RS(NUV−r′).
Figure 9. The NUV−r′ colour distribution corrected for the
NUV completeness. Dashed lines indicate median value of colour,
suggesting bluer colour distribution of disturbed (red) galaxies
compared undisturbed ones (black). Error bars represent stan-
dard error of the median. The median p-value from the thousand
iterations of the KS test considering NUV−r′ errors is shown in
each panel.
Figure 10. The phase-space diagram. The grids separating five
regions (A-E) are adopted from Rhee et al. (2017), but modified to
be the one based on R/R200. Both disturbed (red diamonds) and
undisturbed (black circles) galaxies are spread over the regions.
In Table 5, we present the fractions of disturbed and
early-type (E+S0) galaxies, and the mean NUV−r′ colour
for early and late types in each region. Populations of regions
A (cluster outskirts) and E (core) show a clear difference
in fdisturbed, fE+S0, and NUV − r′ − RSNUV−r′ : Region E
is dominated by NUV-red, early-type, and/or undisturbed
galaxies, whereas Region A displays a significant fraction of
NUV-blue, late-type and/or disturbed populations. Regions
B, C, and D show intermediate properties between A and
E, and we could not find a significant difference between the
regions, possibly due to a projection effect on the line-of-
sight phase-space analysis.
Significantly bluer colour distributions are detected in
disturbed galaxies in all geometrically-selected regions (first
column of Figure 11). Although galaxies in Region E (clus-
ter core) are mostly quenched populations near the RS, we
found blue tails in disturbed galaxies. Late-type galaxies are
naturally expected to have high levels of star formation and
c© 2018 RAS, MNRAS 000, 1–??
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Figure 11. The NUV−r′ colour distributions of disturbed (red) and undisturbed (black) galaxies corrected for the NUV completeness.
Regions A-E are adopted from Figure 10. Dashed lines indicate the median colour of each group. Error bars represent standard error
of the median. The median p-value from the thousand iterations of the KS test considering NUV−r′ errors is shown in the top right.
Disturbed galaxies show a bluer colour distribution with undisturbed ones in all regions and morphologies.
gas contents, therefore, the bluer colour distribution of dis-
turbed galaxies could be the result of having more late-type
galaxies than undisturbed ones. Indeed, we found a much
higher fraction of late-type galaxies in disturbed galaxies
(52%) than in undisturbed galaxies (25%).
We found differences in colour distributions between
disturbed and undisturbed galaxies, even for fixed galaxy
types (second and third columns of Figure 11). In region A,
the median colour of disturbed galaxies is bluer by 0.4 than
that of undisturbed galaxies, which indicates an enhance-
ment in specific star formation rate of roughly by 85% (Salim
et al. 2009). Following the results of Rhee et al. (2017), 86%
of the galaxies in Region A are first (77%) and recent (9%)
infallers, which are less likely to be affected by environmental
quenching. Therefore, we suspect that the primary drivers
making disturbed galaxies bluer in the cluster outskirts are
mergers.
Galaxies in Regions B, C, and D have a range of tinf ,
which can introduce the colour difference between disturbed
and undisturbed galaxies. However, our analysis for the fixed
morphology as well as geometrical regions may partially off-
set the effect of tinf ; the range of tinf might be narrow for
the same morphological type in the same region. Addition-
ally, disturbed early-type galaxies show bluer mean NUV−r′
colour roughly by 1 compared to undisturbed galaxies in Re-
gions B and C. This difference is two times larger than the
difference in Regions A ((NUV − r′ −RSNUV−r′)(E+S0)=-
0.66) and E ((NUV − r′ −RSNUV−r′)(E+S0)=-0.13), which
suggests additional mechanisms (i.e. mergers) making dis-
turbed early-type galaxies bluer. In Region E (cluster core),
we mostly found quenched populations near the RS, but we
also found measurable differences in mean NUV−r′ colours
between disturbed and undisturbed galaxies.
In Table 5, we also present the prediction for the frac-
tion of first and recent infallers (fFR) in each region adopted
from Rhee et al. (2017). The fraction of intermediate and
ancient infallers (fIA) is (1 − fFR) ignoring the fraction of
interlopers. We categorised the sample galaxies based on
tinf with an extreme assumption that FR (tinf < 3.63 Gyrs)
and IA (tinf > 3.63 Gyrs) samples are the bluest and red-
dest galaxies in each region. In Figure 12, the FR sample
clearly shows the difference in NUV−r′ colour between dis-
turbed and undisturbed galaxies, whereas the IA sample
shows nearly identical colour distributions between the two
groups. Although this is based on an extreme assumption,
we can expect the impact of mergers in galaxy colours at
c© 2018 RAS, MNRAS 000, 1–??
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Figure 12. Same as Figure 11 but galaxies have been divided
based on the time since infall (tinf) with an extreme assumption
that FR and IA samples are the bluest and reddest galaxies in
each region. The FR sample shows a difference in colour between
disturbed undisturbed galaxies.
least for the galaxies recently accreted to the cluster envi-
ronment.
6 MASS DEPENDENCE ON THE COLOUR
OFFSETS
The stellar mass of galaxies is one other factor to be con-
sidered because there is a dependence of star formation
on stellar mass (e.g. Kauffmann et al. 2003; Juneau et al.
2005; Zheng, Bell, & Papovich 2007). We present the mass
dependence of mean NUV−r′ colour in Figure 13. When
R/R200 > 1, there is a clear dependence of mean NUV−r′
colour on stellar mass in both early- and late-type morpholo-
gies. Disturbed galaxies show bluer mean colours than undis-
turbed galaxies over the range of the stellar mass. The colour
offset between disturbed and undisturbed galaxies does not
change to the stellar mass (Figure 13 (b) and (d)).
When R/R200 < 1, we found more clear colour offset be-
tween disturbed and undisturbed galaxies, especially in less
massive galaxies (Figure 13 (a) and (c)). Both disturbed
and undisturbed galaxies show redder mean colour within
R200 under the same mass, and the change in mean colours
Figure 13. The mean NUV−r′ colour to stellar mass. Less mas-
sive galaxies show more prominent colour differences between dis-
turbed and undisturbed galaxies within R200.
between R/R200 > 1 and R/R200 < 1 is much more promi-
nent in undisturbed galaxies. As a result, the colour offset
between disturbed and undisturbed galaxies becomes larger
in less massive galaxies, and the most massive bin does not
show the colour offset.
These results also confirm that star formation caused
by merger events makes disturbed galaxies bluer. Within
R200, both disturbed and undisturbed galaxies show redder
NUV−r′ colour than R/R200 > 1 and seem to go through
environmental quenching. The environmental quenching
seems to have more impact on disturbed galaxies, which
makes the colour offset more prominent in less massive
galaxies.
7 DISTURBED FEATURES
In Figure 14, we display sample r′-band and optical colour-
composite images of disturbed galaxies for each morphol-
ogy, NUV−r′−RSNUV−r′ , and region based on the phase-
space diagram. The contrast has been chosen to maximise
the identification of features, which may not be the best way
to show galaxy morphology. Oh et al. (2018) displays a set of
seven cutout images for the visual inspection which allowed
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Figure 14. Features of disturbed galaxies in each morphology, NUV−r′ colour, and phase-space region. The top and bottom row of
each region show the r′-band and (u)gr colour composite images. We found differences in features according to NUV−r′ colours and
phase-space regions.
us to classify galaxy morphology while considering various
contrasts, residuals, and colours.
First, we found a difference in features according to
NUV−r′ colours. When NUV−r′−RSNUV−r′ is bluer than
-1 (roughly 3σ below the RSNUV−r′), we tend to find sig-
natures of star formation such as blue clumps and blue
rings which did not appear in the disturbed galaxies near
the RSNUV−r′ (NUV−r′−RSNUV−r′ > -1), even for late
types. Therefore, we suspect that the disturbed galaxies with
blue NUV−r′ colours have merger-induced star formation
through wet mergers. We also barely find features seem-
ingly related to major mergers, especially for blue disturbed
galaxies. Features related to major mergers (i.e. ripples and
shells) have been found only in nine red and massive early-
type galaxies near the cluster centre, which implies that the
star formation is mainly caused by minor mergers. This cor-
responds with previous findings on the importance of minor
c© 2018 RAS, MNRAS 000, 1–??
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mergers in the star formation budget (Martin et al. 2018;
Kaviraj 2014a, 2014b).
Disturbed galaxies seem to display varying features ac-
cording to their location in a cluster. Features found in Re-
gion A (cluster outskirts) tend to be more violent and irregu-
lar in both early- and late-type samples, which suggests that
it has not been long since the merger occurred in Region A
galaxies. This is consistent with our picture on the origin of
disturbed cluster galaxies: the mergers that made disturbed
features probably happened before the galaxy accretion into
the cluster environment (see also Sheen et al. 2012 and Yi
et al. 2013). We could not find a clear tendency between
Regions B, C, and D because it is not a time sequence of
the galaxy accretion due to orbiting motions of galaxies and
the projection effect. In Region E (cluster core), we found a
few ripples and shells, and we could not find tidal features
which are frequent in Region A. Moreover, only a few galax-
ies show blue clumps and blue rings in Region E which are
the evidence of ongoing star formation.
8 SUMMARY AND CONCLUSION
We investigated g′− r′ and NUV-r′ colours of cluster galax-
ies with merger-induced morphological disturbance based on
the catalogue from the KASI-Yonsei Deep Imaging Survey
of Clusters (KYDISC; Oh et al. 2018) targeting 14 clusters
at 0.016 < z < 0.145. This study used 906 galaxies whose
NUV magnitude error is lower than 3σ detection limit and
whose NUV aperture size reasonably traces the one for the r′
band, out of 1409 spectroscopically-confirmed cluster mem-
bers brighter than -19.8 in the r-band and located within
R < 2R200.
In the cluster environment, galaxies with the signatures
of ongoing or post-merger events show bluer optical and
UV colours compared to galaxies without merger signatures
in the same morphology or B/T groups. Morphologically-
disturbed galaxies not only have more blue populations (Ta-
bles 2 and 3), but the entire colour distribution of disturbed
galaxies is shifted toward blue optical and UV colours com-
pared to that of undisturbed galaxies (Figures 6 and 9).
The colour offset between disturbed and undisturbed galax-
ies has also been detected under the same stellar mass (Fig-
ure 13).
The first possible explanation for the bluer colours of
disturbed galaxies is the difference in quenching stages be-
tween disturbed and undisturbed galaxies. The frequency of
disturbed galaxies becomes higher toward the cluster out-
skirts so, we suspect that disturbed galaxies recently fell
into a cluster, and they could hold the visual features to be
detected (Oh et al. 2018). The concept of merger relics was
discussed by Yi et al. (2013). We conclude that disturbed
galaxies have a high chance of spending less time in the clus-
ter environment than undisturbed ones, which also implies
disturbed galaxies have less affected by the environmental
quenching.
From the analysis using the phase-space diagram, we
detect bluer mean NUV−r′ colours from the geometrically-
selected Region A (cluster outskirts) compared to Region E
(cluster core) even in the same morphology (Table 5), which
supports the impact of the time since infall into a cluster on
galaxy colours. Moreover, we found a more prominent dif-
ference in NUV−r′ colours according to the morphological
disturbance from the Regions B, C, and D where galaxies
have a range of time since infall into a cluster (Rhee et al.
2017).
However, the difference in the time since infall be-
tween two groups cannot fully describe the bluer colours and
younger populations of disturbed galaxies. First, we still find
bluer colours of disturbed galaxies for the same morphologi-
cal type (early and late) or the same tinf groups (FR and IA)
in all geometrically selected regions (Figures 11 and 12). Sec-
ond, we found qualitative differences in disturbed features
between NUV−r′ blue and red galaxies: we frequently de-
tect signatures of star formation (e.g. blue clumps) which
are seemingly involved with disturbed features (Figure 14).
In summary, cluster galaxies with merger features are
bluer (younger) than galaxies that do not show merger sig-
natures for the same morphology, stellar mass, and loca-
tion. We conclude that the significantly bluer colours of
morphologically-disturbed galaxies in the cluster environ-
ment are the net result of both the merger-induced changes
and the difference in the quenching stage (i.e. tinf). Merg-
ers appear to have triggered star formation as is hinted in
Figure 14. Even if star formation has not been activated
by mergers, the gas of post-merger galaxies may be concen-
trated in the centre and thus may be less vulnerable to gas
stripping, thus delaying the quenching of their current star
forming activities (Smith et al. 2013), which is supported by
Figure 13 where the environmental quenching seems to have
more impact on undisturbed galaxies.
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APPENDIX A: CONSERVATIVE SAMPLING
We present Figure A1 which is the same as Figure 11 only
using 817 galaxies with NUV < 23.5 and texp > 1500 seconds
(dashed line in Figure 3). The overall trends are similar to
Figure 11 although the larger p-values from the KS test in-
dicate lower statistical significances than Figure 11 for some
cases (e.g. Region A for late types and Region D). The cor-
rection for the NUV completeness reduces sampling biases
based on the NUV detection, hence our results are not af-
fected by sampling.
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Figure A1. Same as Figure 11 but with 817 galaxies based on conservative sampling for the NUV band (NUV < 23.5 and texp > 1500
seconds).
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